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Abstract. This paper deals with the dynamic behaviour of double wall panels, with em-
phasis on damping and sound radiation. It will be shown that a narrow air layer separating
the two plates of a panel significantly alters the mentioned quantities by its viscothermal
properties. Numerical and experimental results will be presented for a double wall panel ex-
cited with a point force. Numerical results are obtained using a fully coupled vibro-acoustic
finite element model. The air between the plates is modelled by special viscothermal el-
ements. A very efficient frequency response method is used to determine the structural
response to harmonic excitations. The radiated power is calculated with the help of so-
called radiation modes. Experimental results are obtained using a special designed set-up.
An electrodynamic shaker excites one panel and the excitation power is measured. The
radiated sound power is measured with a sound intensity meter. The dissipated energy is
determined by considering an energy balance. Typical parameters such as the distance be-
tween the plates and the ratio of plate thicknesses are varied. Numerical and experimental
results agree fairly well. From the results it can be concluded that for narrow air layers,
i.e. when the so called ’shear wave number’ is low, a large amount of energy is dissipated
by viscothermal effects in the air layer.
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1 INTRODUCTION
Double wall panels can be effectively damped by the introduction of a narrow air
layer, see Figure 1. The damping is caused by the viscothermal effects in the air layer.
The dissipation of vibrational energy reduces the vibration level and therefore the sound
radiation. The dissipative behaviour of a narrow air layer between two flexible plates was
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Figure 1: Double wall panel with thin air layer
already investigated by Trochidis [1], Mo¨ser [2] and Fox and Whitton [3]. The viscous
shear and the thermal conduction causes the vibrational energy to decrease. Beltman
[4] developed a finite element model for viscothermal air layers including acousto-elastic
interaction. The elements are based on the low reduced frequency model and take into
account the effects of inertia, compressibility, viscosity and thermal conductivity. The
elements can be coupled with structural elements. In this way fully coupled acousto-
elastic models including viscothermal wave propagation can be analyzed.
2 VISCOTHERMAL WAVE PROPAGATION INCLUDING ACOUSTO-
ELASTIC INTERACTION
Viscothermal wave propagation is governed by the Navier Stokes equations, the equa-
tion of continuity and the equation of state for an ideal gas. Small, dimensionless harmonic
perturbations are introduced according to
v = c0ve
iωt p = p0
[
1 + peiωt
]
T = T0
[
1 + Teiωt
]
ρ = ρ0
[
1 + ρeiωt
]
h = h0
[
2 + heiωt
] (1)
where v is the velocity vector, p is pressure, ρ is density, T is temperature, h is the plate
displacement, t is time, c0 is the undisturbed speed of sound, T0 is mean temperature,
p0 is mean pressure, ρ0 is mean density, ω is angular frequency and i is the imaginary
unit. Furthermore v, T , p, ρ and h are the dimensionless amplitudes of the velocity,
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temperature, pressure and density perturbations and the plate displacement, respectively.
The following dimensionless parameters govern the viscothermal wave propagation:
shear wave number s = h0
√
ρ0ω
µ
reduced frequency k =
ωh0
c0
ratio of specific heats γ =
Cp
Cv
(2)
square root of the Prandtl number σ =
√
µCp
λ
viscosity ratio ζ =
η
µ
where µ is the dynamic viscosity, η the bulk viscosity, λ is the thermal conductivity and Cp
and Cv are the specific heats at constant pressure and constant volume, respectively. The
shear wave number s and the reduced frequency k are the most important parameters.
The shear wave number is the ratio of the inertia effects and the viscous effects. When
this number is low, the viscous effects are important and the damping can be high. This
is the case when the frequency is low or when the air layer is narrow. For narrow air
layers, i.e. for layers where the thickness is much smaller than the acoustic wavelength,
the pressure is assumed to be constant across the air layer. In that case the reduced
frequency k is much smaller than one. The resulting low reduced frequency model is much
more efficient than more complete models. However, the low reduced frequency model can
only be applied when k  1 and k/s  1. Only in extreme situations these conditions
are not satisfied, see [5] and [6]. The pressure distribution in the air layer for the low
reduced frequency model is described by the following differential equation:
∂2p
∂x2
+
∂2p
∂y2
− Γ2p = n(sσ)Γ21
2
[h1 − h2] , (3)
where Γ(s), B(s) and n(sσ) are given by
Γ(s) =
√
γ
n(sσ)B(s)
,
n (sσ) =
[
1 +
[
γ − 1
γ
]
B (sσ)
]−1
, (4)
B(s) =
tanh
(
s
√
i
)
s
√
i
− 1.
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The dimensionless coordinates x and y are
x =
ωx
c0
; y =
ωy
c0
. (5)
The wave propagation coefficient Γ(s) is determined by the function B(s) accounting for
the viscous effects and the function n(sσ) account for the thermal effects. For the inviscid
and adiabatic case, i.e. when B(s) = −1 and n(sσ) = γ, a modified version of the wave
equation results. The right hand side of (3) takes into account the motion of the upper
and lower boundaries of the air layer. In the present case the air is coupled with flexible
plates. The moving plates introduce pressure perturbations in the air. On the other
hand the pressure perturbations act as a load for the vibrating surfaces. In this way full
acousto-elastic interaction for the double wall panel is established.
3 NUMERICAL CALCULATIONS
Finite elements for the acoustic behaviour of narrow air layers based on the low reduced
frequency model were developed by Beltman [4]. These layer elements can be coupled at
both sides of the layer to plate elements. In this way a fully coupled finite element model
of a double wall panel is obtained. For response calculations the finite element equations
are: [
[M s] [0]
[M c] [Ma(s)]
]{ {u¨}
{p¨}
}
+
[
[Ks] − [Kc]
[0] [Ka(s)]
]{ {u}
{p}
}
=
{ {F}
{q˙}
}
. (6)
The vector {u} contains the nodal structural degrees of freedom and {p} contains the
acoustic nodal pressures. The matrix [M s] is the structural mass matrix and [Ks] is
the structural stiffness matrix. The matrices [Ma(s)] and [Ka(s)] are the acoustic mass
and stiffness matrices, respectively. The coupling matrices in this formulation have the
following relation:
[M c] = [Kc]T . (7)
The right hand side of equation (6) contains the external forces acting on the structure
and the acoustic sources in the air layer.
3.1 Modal superposition technique
The acoustic submatrices in equation (6) depend on the shear wave number and thus
on the frequency. Due to the large, asymmetric and frequency dependent matrices the
calculation times are very long. However the frequency dependency can be handled in an
easy way. Furthermore, the size of the matrices can be reduced by modal superposition.
The frequency dependency is taken into account by multiplying the acoustic submatri-
ces for the adiabatic and inviscid situation (for which B(s) = −1 and n(sσ) = γ) with
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frequency dependent factors. A reduction technique based on modal superposition of
uncoupled acoustic an structural modes can be applied to obtain the frequency response
function [7]. The modes of the uncoupled structural and acoustic response can be applied
to express the coupled acousto-elastic response. The modal superposition method is im-
plemented in the finite element package B2000 [8]. A substantial reduction in calculation
time compared with direct evaluation based on the full system matrices is obtained.
3.2 Sound radiation
To know the effect of viscothermal damping on the sound radiation of a structurally
excited double wall panel the radiated sound power has to be calculated. The acoustic
power radiated by a plate at a specific frequency can be expressed as:
W = {vn}H [R]{vn} , (8)
with [R] the frequency dependent radiation matrix and {vn} the column with normal
velocities of the plate. The superscript H means that the vector is complex conjugated
transposed. For the determination of [R] it is assumed in this study that the individual
plates of the double wall panel are placed in infinite baffles. An attractive approach to cal-
culate the radiated sound power when performing calculations for multiple geometrically
equivalent configurations is not to evaluate (8) directly but to use the eigenvectors and
eigenfrequencies of the radiation matrix. In this way the radiated power can be evaluated
more efficiently. The eigenvectors {qj} are stored columnwise in the modal matrix [Q]
and the eigenfrequencies λj are stored on the diagonal of the matrix [Λ] so that
[Q]H [Q] = [I] , (9)
[Q]H [R][Q] = [Λ] . (10)
The eigenvectors {qj} describe the radiation modes [9] and the eigenvalues have a direct
relation with the corresponding radiation efficiencies. The eigenmodes and eigenvalues
are frequency dependent.
Using the expansion theorem, the displacement or velocity of a plate is expressed as a
linear combination of the radiation modes. The normal velocity of a radiating plate is
thus written as a combination of radiation modes :
{vn} =
N∑
j=1
aj{qj} = [Q]{a} , (11)
where aj is a modal participation factor. The radiation modes corresponding to the
highest eigenvalues are the most efficient acoustic radiators for that frequency. Especially
for low frequencies, the radiated sound power is dominated by a small subset of the most
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efficient radiation modes. Therefore not all the eigenvectors have to be taken into account
to obtain a good estimation of the radiated sound power. A reduced set of radiation modes
can be used to express the normal velocity:
{vn} ≈
Nr∑
j=1
aj{qj} = [Qr]{ar} . (12)
The reduced set of functions is smaller than or equal to the total number of modes:
Nr ≤ N . The row with modal participation factors can easily be found by pre-multiplication
with [Q]Hr (non-squared) and using relation (9):
[Qr]
H{vn} ≈ [Qr]H [Qr]{ar} = {ar} . (13)
The radiated power is calculated using equation (8),(12) and (13):
W = {vn}H [R]{vn}
≈∑Nrj λja∗jaj ,
(14)
where a∗j is the complex conjugated of aj. Because the radiation modes only depend on the
geometry and the frequency, it is not necessary to perform a new eigenvalue decomposition
of [R] when for instance the thickness of a panel or the thickness of the air layer between
two plates of a double wall panel is varied. It is only necessary to calculate the new
(frequency dependent) participation factors to find the radiated acoustic sound power.
In general it is not necessary to take all radiation modes into account to obtain a good
indication of the radiated sound power. The radiation modes with low efficiencies have
a very small contribution in the radiated sound power and can be rejected. Another
advantage of the usage of radiation modes over structural modes is that each radiation
mode contributes independently to the radiated acoustic power.
3.3 Computer procedure for calculating the radiated sound power
The radiation modes of a baffled panel radiating in a semi-infinite half space are
calculated and stored once, together with the eigenvalues for each frequency step on the
hard disk. Because the dimensions of the two plates of the double wall panel are the
same, the stored radiation modes can be used for calculating the radiated sound power of
both plates. The velocity fields of both plates of the double wall panel are calculated with
the finite element model in B2000. These velocities are expressed in terms of radiation
modes (equation (13)). From the participation factors obtained in this way and the
eigenvalues corresponding with the radiation modes, the radiated sound power of both
plates is obtained. The advantage of this approach is that once the radiation modes are
obtained the radiated sound power can be obtained fast and easily.
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4 EXPERIMENTS
The results of the numerical calculations will be compared with experimental results.
In this section the experimental approach will be discussed. The experimental setup is
shown in Figure 2. The two flexible plates of the double wall panel are clamped in
Figure 2: Experimental setup
two independent frames. The dimensions of the plates are 2lx=0.5 m and 2ly=0.25m.
The thickness of the air layer between the plates (2h0) can be varied continuously using
two ballscrew-spindles. The plates tested in this study are all made of aluminium and
have a thickness varying from 1.0 to 4.0 mm. The experiments are done in the following
way. Plate number one is excited with an electrodynamic shaker at (xf , yf ) = (
lx
2
, 0) 1.
The force and acceleration in the driving point are measured with a force transducer and
an accelerometer. From these measured signals the transfer function Hhf between the
displacement in the driving point h1(
lx
2
, 0) and the driving force is obtained. Furthermore,
the input power Win is derived. The excitation signal contains random noise between 100
and 400 Hz. While the panel is excited the radiated power from the two individual plates
is determined by measuring the intensity radiated from the individual plates. This is done
by scanning the two radiating surfaces with a B&K intensity probe, see Figure 3. From
the measured input power and the measured radiated sound power the dissipated power
1For definition of the coordinate system see Figure 1.
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Figure 3: Intensity measurements for double wall panels
can be calculated by considering an energy balance:
Wdis =Win −Wrad,1 −Wrad,2 (15)
where Wdis is the dissipated power. Wrad,1 and Wrad,2 are the radiated sound powers of
the two plates.
5 RESULTS
In this section some numerical and experimental results will be shown and compared.
Typical parameters such as distance between the plates and ratio of plate thicknesses are
varied. In this section only the results of experiments with aluminium plates of 2 mm
and 3 mm for plate 1 and 2, respectively, are shown. The thickness of the air layer is
decreased (2h0 =10, 5, 4, 3 and 2 mm). First the experimental and numerical results of
the driving point transfer function are determined. Then the results for the dissipated
and radiated power will be shown. For all calculations the following material properties
are used:
ρp1,2 = 2710 kg/m
3 ; E1,2 = 70 · 109 N/m2 ; ν1,2 = 0.3 ;
ρ0 = 1.2 kg/m
3 ; c0 = 340 m/s ; µ = 18.2 · 10−6 Pas ;
λ = 25.6 · 10−3 W/mK ; Cp = 1004 J/kgK ; γ = 1.4 .
(16)
Note that the Young’s modulus E is a real number so no structural damping is involved.
5.1 Transfer functions
A typical result for the driving point transfer function is shown in Figure 4. It is clear
8
T.G.H. Basten
100 200 300 40010
−7
10−6
10−5
10−4
10−3
Frequency [Hz]
|H h
f|
2 mm 
3 mm 
4 mm 
5 mm 
10 mm
100 200 300 40010
−7
10−6
10−5
10−4
10−3
Frequency [Hz]
|H h
f|
2 mm 
3 mm 
4 mm 
5 mm 
10 mm
Figure 4: Transfer functions (driving point). Numerical (left) and experimental results (right)
that the air layer significantly alters the transfer function. The eigenfrequencies decrease
for decreasing thickness of the air layer due to the pumping effect in the air layer [10].
This effect is shown in Figure 5. The air is pumped back and forth which contributes to
ba
Figure 5: (a) Pumping effect for a double wall panel with plates vibrating out of phase and (b)
for plates vibrating in phase
the mass of the system. When the plates move out of phase this effect is stronger than
when the plates move in phase. The correspondence between numerical and experimental
results is fairly good.
5.2 Power analysis
Next, the results for the dissipated and radiated sound power are analysed. In Figure
6 numerical and some preliminary experimental results for the fractions of dissipated and
radiated power are given. Note that
Wdis
Win
+
Wrad,1
Win
+
Wrad,2
Win
= 1.0 . (17)
From the numerical results the dissipative effect of the air layer is clearly visible. When
the thickness of the air layer is decreased the dissipated energy increases while the sound
power radiated by both plates decreases. The viscous effects increasingly influence the
wave propagation in the air layer and a large fraction of input energy is dissipated. The
influence of the viscosity in the boundary layer is expressed by the shear wave number.
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Figure 6: Numerically (left) and experimentally (right) determined power for varying thickness
of the air layer. The power is normalized with the input power. — Wdis, - · - Wrad,1, - -Wrad,2
For the 2 mm air layer the shear wave number varies from 4.5 to 12.8 in the given
frequency range. These values are rather low which means that the viscous effects are
indeed important.
The large dip between 250 and 300 Hz in the curve for the dissipated energy is due to the
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in phase resonance of the two plates. This resonance is dominated by the thickest plate.
Because at this frequency the modes move in phase the pumping effect is much lower than
when the plates move out of phase, see also Figure 5. The agreement between numerical
and experimental results is rather poor. The global trend in the experimental results is
that the dissipated energy also decreases when the thickness of the air layer is decreased.
However the local behaviour like the large dip due to the in-phase resonance is less clear
in the experimental results. It is tried to improve the quality of the measurements.
6 CONCLUSIONS
The air layer separating the two plates of a double wall panel can significantly alter
the dynamic behaviour of a double wall panel. When the shear wave number is low a
significant amount of energy can be dissipated by the viscothermal effects. This reduces
the sound radiation of a double wall panel. The dissipating behaviour is dependent on
the modal behaviour of the double wall panel. When a strong pumping effect is induced
more energy will be dissipated by viscous shear in the boundary layer. The numerical
and experimental results for a double wall panel excited with a point force show the
same behaviour for the transfer function. The agreement between the numerically and
experimentally determined power is less good. However the same trends are visible.
ACKNOWLEDGEMENTS
The author want to thank the members of the dynamics and acoustics group of the
department of Mechanical Engineering at the University of Twente for their contribution.
This research project is supported by the Dutch Technology Foundation (STW).
REFERENCES
[1] Trochidis, A. (1982), ”Vibration damping due to air or liquid layers”, Acustica, Vol.
51, pp. 201–212.
[2] Mo¨ser, M. (1980), ”Damping of structure born sound by the viscosity of a layer
between two plates”, Acustica, Vol. 46, pp. 210–217.
[3] Fox, M.J.H. and Whitton, P.N. (1980), ”The damping of structural vibrations by
thin gas films”, Journal of Sound and Vibration, Vol. 73(2), pp. 279–295.
[4] Beltman, W.M., van der Hoogt, P.J.M., Spiering, R.M.E.J. and Tijdeman, H. (1998),
Implementation and experimental validation of a new viscothermal acoustic finite
element for acousto-elastic problems. Journal of Sound and Vibration, Vol. 216(1),
pp. 159–185.
11
T.G.H. Basten
[5] Beltman, W.M. (1999), Viscothermal wave propagation including acousto-elastic
interaction, part I: Theory. Journal of Sound and Vibration, Vol. 227(3), pp. 555–
586.
[6] Beltman, W.M. (1999), ”Viscothermal wave propagation including acousto-elastic
interaction, part II: Applications”, Journal of Sound and Vibration, Vol. 227(3), pp.
587–609.
[7] Basten, T.G.H. and Grooteman, F.P. (2000), In Proceedings third B2000/MEMCOM
Workshop Enschede. ”A fast vibro-acoustic response analysis method for double wall
panels including a viscothermal air layer”.
[8] SMR engineering & development Bienne, Switserland (1995) B2000 user manual .
[9] Elliot, S.J. and Johnson, M.E. (1993), ”Radiation modes and the active control of
sound power”, Journal of the Acoustical Society of America, Vol. 94(4), pp. 2194–
2204.
[10] Basten, T.G.H., van der Hoogt, P.J.M., Spiering, R.M.E.J. and Tijdeman, H. ”On
the acousto-elastic behaviour of double wall panels with a viscothermal air layer”,
Journal of Sound and Vibration. Accepted for publication.
12
